A number of human immunodeficiency virus type 1 (HIV-1) non-B-subtype products have been developed for present or future vaccine trials; in Thailand, several studies using subtype B and/or CRF01_AE vaccines have been conducted. To better characterize the biologic properties of these subtypes, 70 HIV-1 subtype B and E isolates were phenotyped as syncytium-inducing (SI) or non-syncytium-inducing (NSI) isolates and assessed for sensitivity to neutralizing antibody (NAb). A significantly higher number of NSI subtype E viruses were neutralization sensitive than SI subtype E viruses (P ‫؍‬ 0.009), while no association between viral phenotype and sensitivity to NAb was observed for subtype B (P ‫؍‬ 0.856), suggesting a difference in the neutralization patterns of subtypes B and E. Strikingly, concurrent CD4 T-cell numbers were significantly lower for subtype E-infected patients whose isolates were more resistant to NAb, both for the overall study group (P < 0.001) as well as for the 22 patients with NSI isolates (P ‫؍‬ 0.013). Characterization of the evolution of biologic properties of both B and non-B HIV-1 subtypes will provide a clearer understanding of the repertoire of antibodies that must be elicited for a vaccine to be effective against all phenotypes and subtypes.
The role of functional antibodies in human immunodeficiency virus type 1 (HIV-1) infection has been previously defined using subtype B reagents, and most vaccine studies to date have been conducted with subtype B products. However, the majority of the world's HIV-1 infections are caused by the following six subtypes or circulating recombinant forms: A, B C, D, CRF01_AE, and CRF02_AG (31, 35) . Given the genetic diversity of HIV-1 and the geographic distribution of subtypes (19, 35) , understanding the correlates of broadly reactive cellular and humoral immunity in patients infected with both B and non-B subtypes will be informative for the development of a global HIV-1 vaccine. Although the role of neutralizing antibody (NAb) in HIV protection and pathogenesis remains to be defined, eliciting broadly reactive NAb responses against primary isolates (PI) is a goal in most laboratories that are developing and testing HIV vaccine candidates.
Numerous studies have been done to characterize naturally induced antibody responses to the HIV-1 envelope (Env) in infected subjects. While conserved as well as type-specific Env epitopes clearly play a role in neutralization, interactions between the virus, antibodies, and host cells also influence in vitro neutralization sensitivity. A number of distinct differences between PI and T-cell line-adapted (TCLA) viruses have been identified. Many PIs show resistance to NAb, including monoclonal antibodies (MAbs) (24) and patient (27, 42) (16, 34) , as well as to polyclonal sera (6, 23) , is independent of the coreceptor used by the virus. Most of these prior studies focused on subtype B isolates, while one report included five non-B subtypes; however, subtype E was not among those tested for the relationship between neutralization sensitivity and coreceptor usage or phenotype (6) . While most TCLA viruses are syncytium inducing (SI) and utilize the CXCR4 (X4) coreceptor, a larger percentage of PIs are non-syncytiuminducing (NSI) isolates and utilize CCR5 (R5) as a coreceptor (44) . In about 50% of subtype B-infected patients, a shift from early NSI monocyte-tropic isolates to a predominance of SI viruses later in disease occurs during the course of HIV-1 infection (1, 7, 15, 32, 45) . In current vaccine trials, investigators have begun to shift from the use of Env proteins of SI isolates that are easy to propagate in T-cell lines to the use of Envs from NSI, R5-utilizing viruses. These isolates are thought to better represent early-stage transmitted or selected viruses (3, 4) . It will be critical to dissect the immunogenicity of both R5 and X4 PI Envs and to characterize the NAb susceptibility of these HIV-1 biotypes within both B and non-B subtypes.
In this study of HIV-1 subtype E isolates from various stages of disease, 49 randomly assembled viruses (26 NSI and 23 SI) were tested for sensitivity to neutralization by pooled polyclonal antibodies. A total of 21 subtype B viruses were studied comparatively. This is the first report of a direct relationship between an indication of the host's immune status (CD4 cell count) and neutralization sensitivity of the concurrent replication-competent virus for subtype E-infected patients. The data also suggest a difference in neutralization sensitivity patterns among subtype E versus subtype B HIV-1 isolates of different phenotypes.
To establish the panel for studying differences in the neutralization of HIV-1 subtypes B and E, four NAb pools and 70 isolates were prepared. The NAb pools were from samples that had been serotyped as B or E with a V3 peptide enzyme-linked immunosorbent assay (36) . Two pools of five subtype E plasmas (Ep5) or nine subtype E plasmas (Ep9) were prepared from specimens collected from 1994 to 1996 (Ep5) and 1998 to 1999 (Ep9) at the Army Institute of Pathology (AIP), Bangkok, Thailand. The two subtype B pools consisted of sera from 19 North American patients or plasma from 5 Thai patients infected with subtype B. The sera from the 19 North American patients and the plasma from the 5 Thai patients were collected from 1989 to 1992 (Walter Reed Army Medical Center, Washington, D.C.) and 1994 to 1996 (AIP), respectively. A total of 10 single plasma samples from subtype E-infected patients and Thai HIV-negative human plasma (NHP) samples were obtained from mucosal or natural history studies conducted at the Armed Forces Research Institute of Medical Sciences in Bangkok, Thailand, or from discarded blood bank samples from the AIP. The plasma or sera were heat inactivated, centrifuged, diluted (1:6.7), and filtered.
Patients from whom HIV-1-positive cultures were obtained were randomly selected for this study. A total of 33 isolates were obtained from natural history and mucosal studies conducted at the Armed Forces Research Institute of Medical Sciences. Seven maternal isolates were from a study conducted in Lampang, Thailand. Four isolates were from northern Thailand, and two isolates were from Siriraj Hospital in Bangkok, Thailand. One Thai isolate (92/TH023) was obtained from the UNAIDS/WHO working group, and one isolate (424896) was from a subject participating in a Royal Thai Army conscript screening. One additional subtype E isolate was from Indonesia (GS-025), and the subtype B viruses were from Brazil (BZ167), Haiti (92HT599), and the United States. Written informed consent was obtained from all subjects prior to venipuncture, and CD4 T-cell enumeration was conducted using standard two-color flow cytometry and a hematology analyzer. The Thai protocols were approved by the Ethical Review Boards of the Royal Thai Army and Thai Ministry of Public Health and by the office of the U.S. Surgeon General.
All clinical isolates were obtained by coculture of patient peripheral blood mononuclear cells (PBMC) (stimulated with phytohemagglutinin [PHA] for 3 to 4 days) obtained from HIV-negative donors, as previously described (29) . Cellular DNA from cocultures was used for genotyping with subtype Band E-specific gp41 PCR primers, as previously described (20) . Viral isolates were passaged in PBMC to produce high-titer stocks and phenotyped as SI or NSI with an MT-2 cell assay (10) .
Using fivefold virus dilutions and five replicate wells per dilution, the 50% tissue culture infectious dose (TCID 50 ) for each virus stock was measured in PHA-stimulated PBMC. TCID 50 values were calculated at day 8 by the SpearmanKarber method (10) . A p24 antigen reduction neutralization assay was set up in quadruplicate, as previously described (29) . The supernatant p24 was quantitated at days 4 and 8 postinfection. To normalize the amount of plasma or serum proteins and reduce the effects of nonspecific inhibition of HIV growth in NAb assays, we calculated the percentage of neutralization by using the level of p24 produced in the presence of HIV-NHP as a control. The percentage of reduction of p24 was calculated at day 4 or 8, when the control HIV-NHP supernatant p24 measured Ͼ2,000 pg/ml. The distribution of the data for all subtype E virus-E NAb pairs revealed the cutoff for the upper quartile (75th percentile) to be 84% neutralization. An isolate was considered to be sensitive when at least one NAb pool yielded neutralization values in the upper quartile (Ն84%).
Neutralization sensitivity of subtype B and E isolates of different phenotypes. The data for neutralization of all isolates are presented in Fig. 1 . For subtype E viruses, percentages of neutralization for both E pools as well as for the stronger of the two B pools (column Bp) are presented (panels A and B); the data from both B pools and the most potent E pool (column Ep) are presented for each B virus (panel C). Compared with SI subtype E viruses, a significantly higher number of NSI subtype E viruses were neutralized (with neutralization values of at least 84%), while a larger proportion of the SI E isolates were not potently neutralized by any pool (panels A and B; P ϭ 0.009). The number of subtype E virus-E NAb pairs with potent neutralization (Ն84%) was significantly higher for the NSI (22/52 [42%]; panel A) than the SI (4/46 [9%]; panel B) subtype E viruses (P Ͻ 0.001). Furthermore, 35% (9/26) of the subtype E NSI viruses had neutralization values in the upper quartile (Ն84%) for more than one pool, while 0 of 23 SI viruses showed this degree of sensitivity. Wilcoxon rank sum analysis revealed that when subtype E NAb pools were used, values for neutralization of the subtype E NSI isolates were significantly higher than the values for neutralization of SI E viruses (P Ͻ 0.001). Individually, neutralization values for NSI subtype E viruses were significantly higher than values for SI subtype E viruses for both Ep5 (P ϭ 0.016) and Ep9 (P ϭ 0.012). In contrast, no association between phenotype and susceptibility to neutralization was observed for the B viruses studied (P ϭ 0.856; panel C); most of the SI or NSI B viruses were sensitive to one or more of the NAb pools (panel C).
Comparing values for all B virus-B NAb pairs by Wilcoxon rank sum test showed no difference in values for NSI versus SI B isolates (P ϭ 0.862).
The NSI subtype E viruses were also more susceptible to cross-neutralization by subtype B NAb pools. As can be seen in Fig. 1A , 5 of 15 of the sensitive NSI subtype E viruses were strongly cross-neutralized by a B pool, while none of the SI E viruses showed Ն84% neutralization by a B pool (Fig. 1B) . Only one sensitive SI subtype B virus (2250) was cross-neutralized by an E pool (Fig. 1C) . Neutralization sensitivity for both subtype B and E viruses was not related to virus titer or level of virus growth at the endpoint of the NAb assays (data not shown).
Neutralization of sensitive versus resistant viruses with individual plasmas. The validity of typing the neutralization sensitivity of subtype E viruses with pooled polyclonal NAb was evaluated using single subtype E plasmas. The neutralization profiles of an NSI virus typed as sensitive (M066) and of the two most resistant (NSI/NP1564 and SI/NP1453) isolates were studied using 10 individual E plasmas (plasmas 10 to 19), as shown in Fig. 2 . The M066 virus was potently neutralized (using the 84% cutoff) by 5 of 10 (50%) of the individual plasmas. In contrast, none of the single plasmas strongly neutralized either of the viruses typed as resistant. As previously observed by several laboratories, variation in the neutralization of PI is seen when using individual samples and the reactivities are often isolate or plasma specific. For example, plasma 18 is weak against all three viruses, while plasma 17 is broadly reactive. Additionally, 9 of 10 (90%) of these plasmas showed the strongest NAb activity against the sensitive M066 virus (Fig. 2) . These data indicate that the results obtained using pooled polyclonal NAb to type viruses as sensitive or resistant are reflective of the proportion of samples from individual subtype E-infected patients that show neutralizing activity against these viruses.
Coreceptor usage and neutralization sensitivity of subtype E viruses. The coreceptor preferences of NSI and SI subtype E isolates were tested to assess whether neutralization sensitivity showed any relationship to sensitivity of the viruses to inhibition by a coreceptor ligand. A total of 10 viruses of each phenotype were tested for the use of R5, as determined in PBMC by inhibiting infection with the R5 ligand, RANTES (Regulated upon Activation, Normal T cell Expressed and Secreted). Briefly, using magnetic bead selection (Dynal, Inc.), PBMC were depleted of CD8 ϩ cells and PHA stimulated. Duplicate aliquots of cells were incubated with 1 g of RAN-TES/ml (or medium alone) for 2 h. Virus (at 200 to 500 TCID 50 ) was then added, and cells were infected overnight, washed, and grown in cultures in complete RPMI-interleukin-2 alone (control) or in complete RPMI-interleukin-2 containing 250 ng of RANTES/ml. On day 4, using KC57-fluorescein isothiocyanate MAb (Beckman-Coulter) and surface CD4-phycoerythrin (Becton Dickinson) as previously described (9), cells were stained for intracellular p24. The number of p24 antigen-positive cells was enumerated by flow cytometry using a FACSCalibur apparatus, and the percentages of reduction of infected cells (in the presence of RANTES) were calculated in comparison to those of control media. When Ն50% inhibition of cell infection in the presence of RANTES was observed, the virus was considered to be an R5-utilizing virus. The formation of syncytia in MT-2 cells indicated the use of the X4 coreceptor. As shown in Table 1 , all six of the sensitive NSI viruses (as well as all four of the more resistant NSI viruses) were Ͼ90% inhibited by RANTES, indicating a strong preference for the R5 coreceptor. Sensitivity to RANTES inhibition did not appear to be related to the neutralization sensitivity of NSI isolates. In contrast, 9 of 10 SI subtype E viruses showed little or no inhibition by RANTES, [4th] quartile of the distribution of data for all E NAb-E virus neutralization pairs) are indicated by red squares, while Ͻ84% neutralization is indicated by white squares. Viruses that were strongly neutralized (Ն84%) by at least one pool were considered sensitive. These data represent the mean of two to six experiments (in quadruplicate) for each virus; the patient CD4 cell numbers coincident with virus isolation are indicated for subtype E isolates. CD4 counts of Ͻ200 are in bold and italicized (panels A and B). NA, data not available.
indicating a preference for X4 usage. Interestingly, one of the SI viruses (NP1589) that was moderately neutralized was a dualtropic R5/X4 isolate ( Table 1 ), suggesting that this type of isolate might be an intermediate variant. The predominant replicating virus in vivo may transition from R5 using to dualtropic to X4 using and from neutralization sensitive to neutralization resistant.
Relationship between patient CD4 cell count and neutralization sensitivity of concurrent isolates. The concurrent patient CD4 cell counts for 42 of 49 of the subtype E isolates are indicated in Fig. 1A and B. The range of patient CD4 cell counts was 18 to 860 cells/l. More than half (11/20; 55%) of the subtype E-infected patients with SI isolates had CD4 cells below 200, while 68% (15/22) of patients with NSI subtype E virus infections had CD4 cell counts of Ͼ200 cells/mm 3 ( Fig.  1A and B) . The overall relationship between the neutralization sensitivity of subtype E virus isolates and concurrent patient CD4 cell count is shown in Fig. 3A . When all subtype E isolates were separated into the two groups of neutralization-sensitive versus less sensitive or neutralization-resistant viruses, the concurrent patient CD4 cell counts were found to be significantly lower in patients with resistant viruses (P Ͻ 0.001; MannWhitney U test). Given the observation that subtype E SI viruses are likelier to be neutralization resistant (Fig. 1) and that SI isolates are more frequently found later in disease, this association might be expected. Strikingly, even within the subset of 22 patients with NSI subtype E isolates, subjects with less-sensitive viruses had significantly lower CD4 cell numbers (Wilcoxon rank sum test; P ϭ 0.013). The box plots shown in Fig. 3B provide a breakdown of neutralization sensitivity and CD4 counts within each phenotype. These data demonstrate that within the two groups of patients having either NSI or SI isolates, those patients with viruses less sensitive to NAb tended to have significantly lower CD4 cell counts independent of viral phenotype. Comparison of the four groups by a Kruskal-Wallis test demonstrated a significant difference between the groups (P ϭ 0.008; Fig. 3B ). For the subtype B viruses characterized, there were not sufficient CD4 data available to perform a similar analysis.
The identification of HIV-1 isolates of both SI and NSI phenotypes with diminished sensitivity to NAbs is critical in identifying factors involved in viral resistance to antibody-mediated control (27, 28) . The neutralization resistance of PIs has remained an obstacle in HIV vaccine development (5, 8, 26, 42) . This is one of the first studies to characterize a large number of viruses of a non-B subtype with respect to phenotype, coreceptor usage, and neutralization sensitivity and to relate these data to a contemporaneous clinical marker.
Early findings using TCLA isolates (especially cell line-passaged isolates like HIV-1 MN ) demonstrated the exquisite neutralization sensitivity of SI viruses (14, 49; Mascola et al., AIDS Res. Hum. Retrovir. 10:S55, 1994). Subsequent reports of vaccine-induced antibodies that neutralized SI PIs indicated that HIV vaccines could indeed induce PI neutralization, although these SI B viruses (such as BZ167) were atypically sensitive to NAb (25, 46, 47) . It is now thought that data indicating that TCLA viruses are neutralization sensitive inaccurately resulted in the assumption that SI PIs are more sensitive to neutralization than NSI isolates. Among subtype B isolates, there appears to be a range of NAb sensitivities within each phenotype, indicating that for subtype B, phenotype is unrelated to neutralization sensitivity (6) . Our data support this hypothesis. a The use of X4 was deduced by viral induction of syncytium formation in MT-2 cells.
b Usage of R5 was assessed by Ն50% reduction of cell infection by RANTES. c The NSI subtype B virus, HIV-1 BaL, was used as a control for R-5, and the cell line-adapted SI subtype E HIV-1 NP03 isolate was used as a control for X4.
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However, our study is the first to suggest that subtype E viruses might behave differently. Subtypes involved in temporally newer epidemics, such as subtype E (19-21), may retain an association between phenotype and overall sensitivity to antibody. As the subtype E epidemic matures and Env proteins increase in diversity (21) , associations of this nature may be less pronounced. This may be affected by properties of the viruses, as well as the antibodies, which reflect host immune responses to different antigenic structures in the circulating quasispecies. It has been shown that the genetic diversity within a particular isolate is not directly related to the general susceptibility of that virus population to NAb. Subtypes B, C, D, and E were studied, and higher levels of Env genetic diversity did not correlate with increased resistance to neutralization (11) . Ongoing studies will determine whether there is a difference in genetic diversity within the sensitive NSI versus resistant SI subtype E isolates tested for this report. Although the quasispecies in donors transmitting HIV-1 may be heterogeneous, many recipients (early after infection) appear to acquire a relatively homogeneous viral population, indicating that specific variants are selectively transmitted or that the most prevalent variant has the highest probability of establishing infection (41, 43, 45) . A recent report demonstrated that in the chimpanzee animal model, differential selection of HIV-1 species occurred during parenteral versus mucosal transmission (39) . Clearly, virus-and host-specific factors play a role in defining the immune responses required to prevent transmission of different HIV-1 biotypes.
Early in infection, polymorphisms have been shown to exist in Env-coreceptor interactions. Changes in Env C1 and C4 were shown to account for phenotypic differences and differing sensitivities of isolates, from early infection to inhibition by beta-chemokines (17). Thus, not only V3 but also certain constant regions in Env affect virus-receptor interactions. It is interesting that subtype B SI viruses appear to be more promiscuous regarding coreceptor usage; one report showed that 4 of 6 SI subtype B isolates used both X4 and R5, while 9 of 9 SI isolates from clades A, C, D, E, and F used only X4. The majority of NSI viruses of all clades tested have shown preferential usage of R5 (33, 44) . Progression from the R5 to the X4 phenotype has been suggested to occur due to the presence of a multi-or dualtropic intermediate Env (12) ; multiple domains, including V3 and V4/V5 (12) and C1 or C4 (17) , may contribute to this transition.
In this study, 10 of 10 NSI viruses showed a strong preference for use of the R5 coreceptor, while 9 of 10 SI viruses preferentially used X4 and one dual X4/R5 SI isolate was identified. These data are in agreement with what has been previously reported for subtype B-infected patients (6, 17, 33) . In a study of coreceptor usage and RANTES sensitivity of NSI isolates from subtype B-infected patients with AIDS, all NSI isolates, regardless of the clinical status of the patient, were dependent on R5 expression for entry. Broadening of coreceptor usage by NSI viruses from patients with AIDS was not observed. It was hypothesized that virus variants with decreased sensitivity to RANTES inhibition can evolve during disease progression not only in patients who undergo a switch from NSI to SI phenotype but also in patients who develop AIDS while maintaining R5 isolates (13) . In our study, within the group of viruses that used R5, neutralization-sensitive and -resistant viruses did not appear to be differentially sensitive to RANTES inhibition (Table 1) .
The biotype of HIV-1 has been associated with various aspects of infectivity; for example, other molecules on both the target cell membrane and in the Env can play a role in viral FIG. 3 . Differences in CD4 values of subtype E-infected patients with neutralization-sensitive and -resistant viruses. (A) All subtype E isolates were separated into two groups, based on neutralization sensitivity or resistance. The box plots show the distribution of concurrent patient CD4 values for each patient group, and the solid line represents the median. The boxed or shaded area displays the 25th to 75th percentiles, the top and bottom bars identify the 10th and 90th percentiles, and all plus signs represent CD4 counts falling outside the 10th and 90th percentiles. These data were analyzed by the Mann-Whitney U test (P Ͻ 0.001). (B) Box plots were prepared as described for panel A, except that CD4 counts for subtype E-infected patients having NAb-sensitive (S) or -resistant (R) isolates were further divided into four groups on the basis of SI or NSI viral phenotypes. There was a difference within the four groups as determined by a Kruskal-Wallis test (P ϭ 0.008); the CD4 counts for patients with NSI-resistant viruses were significantly lower than those for patients with NSI-sensitive isolates (P ϭ 0.013; Wilcoxon rank sums).
infectivity. It has been shown that viruses that use R5 have a higher ratio of major histocompatibility complex class II to lymphocyte function-related molecule 1 adhesion molecules in Env than viruses that use X4 (2) . The proportions of host cell molecules in the Env of subtype E viruses of different phenotypes may contribute in some way to their neutralization sensitivities, and this may differ among subtypes. In addition, increased sensitivity to neutralization of simian immunodeficiency virus was recently shown to be associated with a decreased dependence on CD4 for virus entry (22) . HIV-1 CD4 affinity may also contribute to the NAb sensitivity of different subtypes and phenotypes.
During the course of molecular evolution and disease progression, a series of changes that impact coreceptor usage or overall sensitivity to NAb may occur independently and contribute separately to pathogenesis in the subtype E-infected host. These changes are probably unrelated temporally, as some patients who retain NSI viruses develop neutralizationresistant isolates while a subset of patients who have undergone the switch to a predominant SI phenotype maintain isolates that are sensitive to heterologous NAb (Fig. 1) . It remains to be determined whether any relationship exists between cytopathicity, replication fitness, coreceptor use, and neutralization sensitivity within different subtypes of HIV-1. Our study suggests that for subtype E-infected patients with disease progression and lowered CD4 cell numbers, the replication-competent viruses are less sensitive to heterologous NAb. This observation implies that sensitivity to antibody plays a role in viral selection during pathogenesis and that both SI and NSI viruses are subjected to this immune selective pressure. Recent reports have highlighted the rapid evolution of the autologous NAb response in vivo, which appears to be accompanied by complete replacement of neutralization-sensitive viruses by successive populations of resistant virus (30, 40) . Wei et al. (40) have proposed an evolving glycan shield in which mutations confer the loss or acquisition of neutralization sensitivity in a context-dependent manner. They hypothesize that shifting the shield selectively accommodates receptor binding, but not NAb binding, thereby altering neutralization sensitivity (40) . In light of these findings, it will be interesting to assess the glycosylation patterns in the Envs of sensitive versus resistant subtype E isolates.
Development of an effective global vaccine may require extensive characterization of the complete repertoire of antigenic structures and immunologic groupings of HIV-1. This would contribute to the rational choice of the minimum number of subtypes and biotypes that best represent the antigenic spectrum and induce the broadest cross-protective immune responses (37, 38, 48) . The choice of using NSI/R5, SI/X4, or a combination of both types of HIV-1 PI Envs as vaccine components should therefore be carefully evaluated for all geographic subtypes.
